Precis: Hyperpolarized glutamate is a new metabolic imaging biomarker that informs on mutant IDH1-associated metabolic changes mediating decreased glutamate production. glutamate could thus inform on multiple mutant IDH1-associated metabolic events that mediate reduced glutamate production.
INTRODUCTION
Heterozygous mutations in the gene coding for the isocitrate dehydrogenase 1 (IDH1) enzyme have been reported in several cancer types, most notably in over 70% of diffuse low-grade gliomas and 80% of secondary glioblastomas (GBM) (1, 2). The resulting mutant IDH1 enzyme acquires the neomorphic activity of catalyzing the reduction of α-ketoglutarate (α-KG) to the oncometabolite 2-hydroxyglutarate (2-HG), leading to significantly elevated 2-HG levels in tumor tissue (3) . The specific mechanisms through which IDH1 mutations and elevated 2-HG drive tumor development are still being uncovered. Nonetheless, it is clear that 2-HG inhibits a range of α-KG-dependent dioxygenases, resulting in a broad range of alterations in the cellular epigenome (4, 5) , which ultimately lead to oncogenesis (6) (7) (8) (9) (10) (11) .
Amongst other effects, presence of the IDH1 mutation is associated with a range of alterations in the cellular metabolome. These have been reported in mutant IDH1-expressing cell models, ex vivo tumor samples, and in vivo patient studies, and include significant changes in choline-containing metabolites, N-acetyl aspartate, and glutamate (12) (13) (14) (15) . At the enzymatic level, a recent study showed that expression of the pyruvate carboxylase (PC) enzyme was significantly increased in mutant IDH1 cells and patient samples, suggesting that PC flux could serve as a source of TCA anaplerosis in mutant IDH1 cells that channel glutamine to 2-HG production (16) . A separate study recently reported that several glycolytic enzymes were underexpressed in mutant IDH1 glioma patient samples, likely due to hypermethylation of their promoter regions. Most notably, the expression of lactate dehydrogenase A was silenced in mutant IDH1 tumors (7) . branched-chain amino acid transaminase 1 (BCAT1) (17) . BCAT1 is a cytosolic enzyme that catalyzes the catabolism of branched-chain L-amino acids (BCAAs) to branched chain α-keto acids (BCKAs), while concomitantly converting α-KG to glutamate. The expression of BCAT1 was significantly reduced in mutant IDH1 glioma cells compared to their wild-type counterparts, and this effect was associated with epigenetic silencing likely driven by the IDH1 mutation (17) . Additionally, studies show that BCAT1 could serve as a novel therapeutic target for glioma (18) . Innovative methods for non-invasive assessment of BCAT1 activity could therefore help refine the diagnosis and monitoring of tumors harboring the IDH1 mutation, and aid in the development and monitoring of BCAT1-targeting therapies (17, 18) .
H Magnetic Resonance Spectroscopy (MRS) is a non-invasive method that can
probe the steady-state levels of several endogenous cellular metabolites (19) . It has been widely used in the clinical setting as a diagnostic and prognostic tool for brain tumor patients (19, 20) . More recently, a complementary metabolic neuroimaging approach, hyperpolarized 13 C MRS, has been successfully developed and implemented. Through the use of Dynamic Nuclear Polarization (DNP), 13 C-labeled compounds can be hyperpolarized, resulting in a 10,000 to 50,000-fold increase in their MR-detectable signal-to-noise ratio (SNR) when compared to thermally polarized compounds (21) . Accordingly, hyperpolarized 13 C MRS provides a non-invasive method to dynamically image metabolic fluxes. Over the past decade, this method has proven extremely useful in the field of oncology to monitor tumor metabolism, in the absence of ionizing radiation and with convenient integration to standard MR imaging techniques (22) . In particular, used to detect the presence of tumor and response to treatment in several preclinical models of cancer (23, 24) , including glioma (25) (26) (27) (28) . Furthermore, the first clinical trial of this technique was recently completed on prostate cancer patients, demonstrating the translational value of the hyperpolarized imaging approach (29).
In the context of the IDH1 mutation, both 1 H and hyperpolarized 13 C MRS have proven useful. 1 H MRS methods have been used to monitor the presence of 2-HG in glioma patients in vivo (15, 30, 31) , in preclinical rodent models of GBM (32), and in patient biopsy samples (12, 33) . Additionally, we recently developed [1- Considering that BCAT1 requires α-KG as a substrate to generate glutamate while transaminating BCAAs to BCKAs, we sought to expand on the use of hyperpolarized [1- 13 C] α-KG as an imaging probe, and investigated its conversion to hyperpolarized [1- 13 
C]
glutamate as a method for monitoring BCAT1 activity. We studied two isogenic cell lines that differ only in their IDH1 status, and show that following injection of hyperpolarized [1- 13 C] α-KG, the production of hyperpolarized [1- 13 C] glutamate can be detected, and is reduced in cells and tumors that express the IDH1 mutation. However, in our model, the presence of the IDH1 mutation led not only to a drop in BCAT1 activity, but also to a drop in the activities of two additional enzymes that can catalyze the conversion of α-KG to glutamate, namely aspartate transaminase (AST) and glutamate dehydrogenase (GDH).
Our metabolic imaging therefore informs not only on BCAT1 status but also on a broader metabolic reprogramming associated with the IDH1 mutation. As such, hyperpolarized
MATERIAL and METHODS

Cell models and culture
U87 GBM cells were virally transduced with the wild-type IDH1 gene or the mutant IDH1 gene to produce U87IDHwt and U87IDHmut cells as previously described (34).
Unique DNA "fingerprint" identities (i.e., variable number tandem repeat PCR products) established for these cell lines,were used to regularly confirm their identities. Both strains were cultured under standard conditions in high glucose Dulbecco's Modified Eagle Medium (DMEM H-21, UCSF Cell Culture Facility, CA) supplemented with 10% heatinactivated fetal bovine serum (Thermo Scientific Hyclone, Logan, UT), 2mM LGlutamine (Invitrogen, Carlsbad, CA), 100u.mL -1 penicillin, and 100mg.mL -1 streptomycin (UCSF Cell Culture Facility, CA). Both cell lines were maintained as exponentially growing monolayers at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Spectrophotometric enzyme assays
All spectrophotometric measurements were performed on an Infinite m200 spectrophotometer (Tecan Systems, Inc, San Jose, CA) and experiments performed in quadruplicate for each cell line.
The BCAT1 activity assay was adapted from methods developed by Cooper et al. Glutamate dehydrogenase (GDH) and aspartate transaminase (AST) activities were measured using assay kits (BioVision, Inc., CA). Note that, for both enzymes, the assays reflect the combined activities of cytoplasmic and mitochondrial isoforms. Analysis was carried out using the SDS software to determine Ct. Expression levels were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript.
Perfusion system
For live cells studies, U87IDHwt and U87IDHmut cells were seeded on Biosiln ). (25, 28, 36) . A port on the inflow line allowed for injection of hyperpolarized material, during which time the perfusion was briefly stopped. All experiments were performed at 37°C. (25) .
MR data analysis of perfused cells experiments
All spectral assignments were based on literature reports (e.g. www.hmdb.ca). The integrals of hyperpolarized [1- Normalized glutamate kinetics were further analyzed using a gamma-variate analysis (37) to derive the following parameters: R-value, area under the curve (AUC, expressed in a.u.), time of maximum peak height (Peak Time, expressed in seconds), maximum peak height (Peak Height, expressed in a.u.), and full width at half maximum (FMHW, expressed in seconds). progressively increased over time to efficiently use the hyperpolarized magnetization in the presence of metabolic conversion, with both VFA schemes ramping up to 90-degree FA (38) . An echo-planar spectroscopic imaging read-out gradient was used for increased imaging speed. Additional parameters were: adiabatic double spin-echo acquisition, bandwidth 543Hz, resolution 10.4Hz, 52points, TE/TR=140/215ms, matrix 8x18, 5x5mm 2 resolution, slice thickness 2cm, 1.7 seconds per image, images every 5 seconds) (34, 39, 40) .
Tumor-bearing animals
MR data analysis of in vivo experiments
MR datasets were analyzed using the in-house SIVIC software were generated for the 25 seconds time point using a sinc-based interpolation of the 13 C 2D CSI data to the resolution of the anatomical images using SIVIC.
Statistical analysis
All results are expressed as mean ± standard deviation. Two-tailed Student t-test was used to determine the statistical significance of the results, with a p-value below 0.05 considered significant. 
RESULTS
BCAT1 activity and expression are significantly decreased in U87 mutant IDH1 cells
The goal of this study was to develop a method to non-invasively assess BCAT1 activity as an indirect readout of IDH1 mutational status. First, we therefore had to verify that, in our model, the presence of mutant IDH1 was associated with a drop in BCAT1 activity and expression, as described in other systems (17) . As presented in Figure 1A and Figure 1B . Consistent with the activity assay, BCAT1 protein levels were significantly lower in U87IDHmut cells, down to 38±12% of U87IDHwt (p=0.01; n=3 per cell line; Table 1 ). qRT-PCR analysis confirmed this finding: mRNA levels were also significantly lower in U87IDHmut cells, down to 48±19% of U87IDHwt (p=0.01; n=9 per cell line; Table 1 ) and within experimental error of the observed drop in protein levels. 
C] glutamate. Furthermore, the maximum peak height of this new compound was observed at 12.2±0.1 seconds after the maximum peak height of hyperpolarized [1- 13 
C]
α-KG, in line with an expected delay when metabolism occurs (Peak Time, Table 2 ).
Based on chemical shift value and the observed delay in metabolite build-up, we attributed this newly detected resonance to hyperpolarized [1- Figure 2C , and show the substantial and delayed build-up of glutamate in U87IDHwt cells only. These kinetics were further analyzed using a gamma-variate analysis, as summarized in Table 2 .
Importantly, all estimated parameters were significantly different between U87IDHwt and U87IDHmut cells. In particular, the area under the curve and the peak height were significantly decreased by 84.1±5.1% and 80.0±5.0% in U87IDHmut cells as compared to U87IDHwt, respectively (p<0.01, n=5 per cell line), demonstrating that significantly less glutamate is produced from α-KG in mutant IDH1 cells. 
The activities and expression of other enzymes catalyzing the α-KG-to-glutamate conversion are significantly reduced in mutant IDH1 cells
In order to determine the specificity of our imaging approach, further biochemical analyses were performed to measure the activity and expression of three additional enzymes known to catalyze the α-KG-to-glutamate conversion, namely aspartate Results show that total cellular AST and GDH activities were significantly decreased by 17±10% and 31±15%, respectively, in U87IDHmut cells as compared to U87IDHwt ( Figure 4B&C ; Table 1 When considering protein levels, the western blots for the three enzymes of interest (cytoplasmic and mitochondrial isoforms) are presented in Figure 4D . The quantified protein and mRNA levels are summarized in Table 1 . In mutant IDH1 cells, the protein and mRNA levels of the cytoplasmic isoform AST1 were reduced significantly to 55±11% (p=0.04; n=3 per cell line) and 73±9% (p=0.009; n=9 per cell line) of U87IDHwt, respectively. In contrast, for the mitochondrial isoform AST2, only the mRNA levels were significantly reduced to 79±5% of U87IDHwt (p=0.008; n=9 per cell line) in U87IDHmut, whereas any changes in protein levels were below detection. In the case of GDH and ALT, the protein and mRNA levels were either below detection, or did not change significantly (Table 1) 
DISCUSSION
The IDH1 mutation, which is the most common somatic mutation in low grade gliomas (3), is considered an early oncogenic event (41) and is associated with global modulations in the methylome, transcriptome and metabolome (6) (7) (8) (9) (10) (11) 14) . Consequently, the IDH1 mutation is being used for patient stratification and prognosis, and mutant IDH1 inhibitors are being developed as therapies (42, 43 Decreased BCAT1 activity, protein levels and mRNA expression have previously been reported in four cell models harboring the IDH1 mutation (17) . Importantly, our results are in line with this previous report. We show that BCAT1 activity, protein levels and mNRA expression were significantly decreased in our U87IDHmut cells as compared to their wild-type counterpart, in addition to our previously reported elevation in 2-HG levels in the same model (34).
In an initial cell study, we investigated the potential of hyperpolarized [1- 
levels detected in normal brain are lower than in tumor, significant levels are observed in the normal brain (34). Thus, it is likely that hyperpolarized [1- 13 C] glutamate observed in the normal brains of our rats was produced in situ and reflects normal brain metabolism.
We cannot rule out that the level of hyperpolarized [1- 
reports of decreased steady state levels of glutamate in mutant IDH1 tumors when compared to wild-type, including results in our U87-based model (12) (13) (14) .
From a metabolic imaging perspective, this study is the first report of the detection of hyperpolarized [1- In our study, we show that hyperpolarized [1-
glutamate conversion reflects the activity of several enzymes, namely BCAT1, GDH, and AST. Accordingly, the technique presented in this study is reaction-specific (α-KG-toglutamate conversion) rather that enzyme-specific. Future studies combining our approach with other specific metabolic probes, such as hyperpolarized [1- On a technical level, this study benefits from innovative dedicated pulse sequences that allow preservation of substrate magnetization while enhancing the signal of the detected metabolic product, namely hyperpolarized [1- 13 C] glutamate (38, 40) . This glutamate-specific sequence was adapted from a previously reported 2-HG-specific sequence that we recently used to detect hyperpolarized [1- In summary, this study shows that 13 C MRS of hyperpolarized [1- 
